We demonstrate band edge lasing action from a cholesteric liquid crystal (CLC) containing an aggregation-induced-emission (AIE) dye as gain material. AIE materials do not suffer aggregation-caused quenching, have strong resistance to photobleaching, and can show large Stokes shift. The amplified spontaneous emission (ASE) and lasing emission of the dyedoped CLC cell have been characterized, the lasing threshold has been estimated, and its resistance to photobleaching has been measured. AIE materials with their unique properties are especially suitable for acting as gain materials in liquid crystal lasers where defect structures lower the threshold for nanoscale aggregation effects. Our studies have shown that such AIE-dye-doped CLC is capable of lasing action with unusually large Stokes shift at moderate threshold with strong resistance to photobleaching. 
Introduction
Cholesteric liquid crystal (CLC) lasers are of great interest because they adopt naturally occurring self-organizing behavior to provide the needed feedback for lasing action [1] [2] [3] [4] . Planar CLCs have a periodic helical structure, where the local director rotates along the helical axis [5] . This periodic structure with a pitch comparable to the optical wavelength has a one-dimensional photonic band gap for circularly polarized light [6] . CLC structure thus reflects circularly polarized light which has the same handedness with the helical structure if the wavelength of the light is located within the photonic bandgap. The center wavelength λ c of the range satisfies λ c = np, and the wavelength range Δλ satisfies Δλ = Δnp, where n, p and Δn are mean refractive index, pitch and birefringence of the CLC respectively [5, 7] . If CLCs are doped with gain materials, whose emission spectrum overlaps with the photonic band gap of the CLCs, the emission will be greatly enhanced and exhibit lasing activities at the photonic band edges [8, 9] due to the high densities of states [8, 10] and near-zero group velocity [11] in these regions. This well-established LC laser technology has the potential to enable temperature tunable, cavity free devices that have extensive applications in medical diagnostics and laser-based display [1] . However photobleaching and defect-driven aggregation of dyes have limited the viability of these devices [12] .
Commonly used gain materials in CLC laser systems are organic dyes, such as DCM and PM597 [1] , which however all suffer from the so-called "concentration quenching" effects.
For ordinary organic luminophores, luminescence is often weakened or quenched at high concentrations, which is the result of the formation of aggregates [13, 14] . The aggregates formed by for example π-π stacking interactions, usually decay via non-radiative pathways from excited states to ground states, leading to aggregation-caused quenching [13] . Furthermore, defect structures in liquid crystal can cause nanoscale aggregation at concentrations even below the macroscopic solubility. These "concentration quenching" effects limit the concentration of dyes used in liquid crystal lasers and fluorophores are forced to be utilized as isolated single molecules in very dilute solutions. The use of dilute solutions, however, causes many problems. One of them is that the small number of dye molecules in dilute solutions can be easily photobleached by strong pumping light [13] , leading to the degradation of the laser performance with time, which is one of the basic drawbacks of dyedoped liquid crystal lasers. Another problem is that the emission of dyes with low concentration is relatively weak, which limits the output power of dye-doped liquid crystal lasers. Therefore, it is desirable to use dyes with relatively high concentration in liquid crystal laser systems to solve or at least mitigate the above problems as long as such kind of dyes don't suffer from "concentration quenching" effects. There is such a class of luminogenic materials which show a property just opposite to the "concentration quenching". These materials are non-emissive in dilute solutions but become highly luminescent when their molecules are aggregated in concentrated solutions or cast into solid films, which is known as aggregation-induced-emission (AIE) [13, 14] . This class of materials which increase their luminescence when aggregated are of great interest and have already been used for organic light-emitting diode (OLED) devices [15, 16] , fluorescence sensors [17] , bioimaging [18] , luminescent solar concentrators [19] and so on. The unique property of AIE materials overcomes the "concentration quenching" drawbacks of the traditional laser dyes. However the application of AIE materials as laser dyes used in CLC lasers is never explored. In this paper, we present the results of experiments conducted on AIE-dye-doped CLC to examine the feasibility of realizing band edge lasing action. We found that unlike traditional organic dyes, tiny aggregates of the AIE dye in the CLC host are still capable of giving out strong emissions. Besides, the used AIE dye show strong resistance to photobleaching and demonstrate a large Stokes shift as well. Amplified spontaneous emission and lasing action were observed at the long wavelength edge of the photonic band gap with a threshold of around 600 μJ/mm 2 .
Experiment
A right-handed CLC sample was made by mixing 4.84 wt% of a chiral dopant (4S-trans)-2,2-Dimethyl-α, α, α', α'-tetra(1-naphthyl)-1,3-dioxolane-4,5-dimethanol (Sigma-aldrich) with a nematic liquid crystal E7 (Jiangsu Hecheng Advanced Materials Co., Ltd). The chiral dopant's structure is shown in Fig. 1 (a) and it has a helical twisting power (HTP) as high as 200 μm −1 in K15 [20] . The long edge of the Bragg reflection band of the dye-doped CLC sample should be within the fluorescence spectrum of the AIE material to induce lasing. The AIE dye used in the experiment was a silole derivative, 1,1-dimethyl-2,5-bis(4'-benzylidenemalononitrile)-3,4-diphenylsilole (DMTPS-DCV), whose structure is shown in Fig. 1 (b) [21, 22] . The synthesis of DMTPS-DCV is available in the reference 22. The fluorescence and excitation wavelength of DMTPS-DCV in pure E7 has been investigated by a fluorescence spectrophotometer (F-2500, HITACHI). 1.0 wt% of DMTPS-DCV was added into the CLC host in isotropic phase and homogeneously mixed by sonication. The dye-doped CLC sample was filled into an empty cell made up with two pieces of glass separated by 10 μm spacers. The inner surfaces of the cell glass were spin-coated with polyimide layers, which had been rubbed in two orthogonal directions for a planar aligned cell with several cholesteric pitches enclosed. In order to reduce the defect lines, the sample in the liquid crystal cell was annealed at 50 ο C for 1 minute on a hot stage and was cooled to room temperature in 2 minutes by exposing it to the air [23] . 20 cycles of the process was repeated until the defect lines were significantly reduced. The dye-doped CLC cell was then investigated with polarizing optical microscopy (POM) and fluorescence microscopy on a Zeiss microscope (Axio Imager. M2m). The transmission and reflection spectra of the dyedoped CLC cell were also measured with a spectrometer (USB-2000, Ocean Optics) mounted on the same microscope. Figure 1(c) demonstrates the experimental setup for measuring the amplified spontaneous emission (ASE) from the dye-doped CLC cell. The pumping laser for the dye-doped CLC cell was a continuous wave (CW) laser (MDL-III-450, Opto Engine LLC) with a wavelength of 450 nm. In order to reduce the heating effects, the CW laser was modulated by a signal generator to give out pulses, whose repetition rate was 3 kHz and the duration was ~56 μs. The pumping laser beam travelling through the focusing objective lens (20 × , NA = 0.40) can form a spot as small as 10-20 μm in diameter. However, the dye-doped CLC sample was set a little bit off focus to reduce the heating effects. The emission of the sample was collected by a 5 × objective lens (NA = 0.13) and was then focused by a convex lens with a focal length of f = 30 mm onto a multi-mode optical fiber which was connected to a spectrometer (USB-2000, Ocean Optics) before passing through a 490 nm long-pass filter. Figure 1(d) sketches the experimental setup used to characterize the lasing emission of the dye-doped CLC sample. The pumping source for the dye-doped CLC cell was a tunable Nd:YAG-Laser system NT342A (EKSPLA) which is comprised of a Q-switched Nd:YAG pumping laser, harmonics generators and optical parametric oscillator (OPO). The OPO laser which was adopted to induce the lasing emission from the dye-doped CLC cell has a tuning range from 410 nm to 2600 nm, with 438 nm as the chosen pumping wavelength. The duration of the pulse is 4-6 ns, and the repetition rate is 10 Hz, and tunable delay time allows for control of the power of the OPO laser over a large range. After passing through a 450 nm short-pass filter which was used to eliminate the residual pulse (1064 nm) and the second harmonic wave (532 nm) of the Nd:YAG laser, the pumping laser beam was focused onto the sample at a normal incidence angle forming a spot of 130 μm in diameter by a convex lens with a focal length f = 30 mm. The emission originating from the sample was collected by a 10 × objective lens (NA = 0. 25) and then focused by a convex lens with a focal length of f = 30 mm onto a multi-mode optical fiber which was connected to a spectrometer (PG2000-Pro, Ideaoptics; resolution ~0.34 nm). Two linear polarizers and a 450 nm long-pass filter between the two lenses were used to attenuate and accommodate the pumping laser and the lasing emission from the sample to the detection range of the spectrometer.
Results and discussions
The fluorescence spectrum of DMTPS-DCV in pure E7 with the excitation wavelength of 440 nm is shown in Fig. 2(a) demonstrating that the material's fluorescence ranges from 530 nm to 600 nm and peaks at 550 nm. The fluorescence intensity of DMTPS-DCV in E7 with the emission wavelength of 550 nm as a function of excitation wavelength depicted in Fig. 2(b) demonstrates that the most efficient wavelength for exciting DMTPS-DCV in E7 is 340nm while the wavelengths between 430 nm and 465 nm are also efficient to induce its emission. Since the tunable output wavelength of the pumping laser starts from 410 nm, we chose 438 nm as the pumping wavelength to induce laser emission from the dye-doped CLC. Compared with other conventional laser dyes, AIE materials show a large Stokes shift, due to the presence of the aromatic propeller groups [24] . The POM and fluorescence microscopy image of the dye-doped CLC cell are shown in Fig. 3(a) , and (b) respectively. In order to avoid scattering loss, relatively low defect line density is achieved by a small cell gap (~10 μm) and 20 cycles of annealing and cooling. The final dye-doped CLC cell mainly comprises large domains (several 100's μm by several 100's μm) of cholesteric planar structure as shown in Fig. 3(a) . The uniform orange fluorescence of the dye-doped CLC sample illuminated by a UV lamp with a wavelength of 365 nm revealed in Fig. 3(b) demonstrates that AIE dyes are well dissolved in the large domains of cholesteric planar structure. Moreover, there are still some defects (such as circled area A) caused by the imperfection of rubbing and tiny crystallites (such as circled area B) of the AIE material. Both area A and B show stronger fluorescence compared with cholesteric planar domains in Fig.  3(b) , which implies that the AIE material tends to aggregate in the defect and AIE aggregates are still active to give out fluorescent emissions. In an AIE-dye-doped CLC cell where liquid crystals are not well aligned and full of defects, aggregates of dyes in the defects are even more prominent and highly emissive (shown in Fig. 3(c) ). Compared with traditional dyes which experience aggregation-caused quenching, tiny aggregates of the AIE dye are still capable of giving out strong emissions, thus changing the limitations associated with the low solubility of dyes or liquid crystals containing small amount of defects into advantages. The measured transmission and reflection spectra of the dye-doped CLC cell are shown in Fig.  3(d) . Adding AIE dye to CLC host will affect the position of the CLC reflection band mainly in the form of a red shift of ~17 nm. Also note that compared with undoped CLC, the absorption by the AIE dye at the short wavelength edge region accounts for the depressed transmittance of the AIE-dye-doped CLC. Besides the reflection spectrum of the dye-doped CLC cell was measured with an aluminum mirror (reflectance ~90%) as reference, which causes the measured reflectance is over 50%. Figure 4 (a) demonstrates the ASE spectrum of the dye-doped CLC cell induced by a modulated CW 450-nm laser. The CW power of the laser was ~0.4 W without modulation, and then the continuous wave of the laser was chopped into pulses with a repetition rate of 3 kHz and a duration time of ~56 μs by the modulation signals. The spectrum reveals ASE on the both edges of the CLC photonic band gap; note that the ASE on the long wavelength edge is much stronger than that on the short wavelength edge and it has several side modes, which indicates the AIE dye is well aligned in parallel with the local director of the CLC host [10] . Since the mode closest to the long wavelength edge (corresponding to the wavelength of 586.2 nm) has the lowest threshold, it is the easiest one to turn into a laser. Continuously increasing the power of the pumping CW laser will liquefy the CLC and destroy the planar structure. It is seen that the lasing takes place at the wavelength of 580.4 nm, which is located at the long wavelength edge of the reflection band gap. The full width of half maximum (FWHM) of the lasing spectrum was measured to be 2.1 nm. The inset of Fig. 4(b) shows the far field image of the well-formed emission beam. It is seen that the AIE dyedoped CLC laser exhibits a Stokes shift of ~150 nm (250 nm is achievable with proper pumping wavelength), which is hard to be achieved with some commonly used laser dyes in liquid crystal such as DCM. Figure 4(c) shows the relationship between emission output power of the dye-doped CLC cell and the pumping energy. It is estimated that the threshold of the dye-doped CLC laser is 8.0 μJ. Considering the spot size of the pumping laser on the CLC cell was 130 μm in diameter, the pumping energy density threshold is about 600 μJ/mm 2 . Besides, the CLC will be heated to isotropic phase as the pumping energy density increases. Finally, the photobleaching resistance of the AIE-dye-doped CLC was explored and the AIE dye was compared with coumarin 6 (Sigma-aldrich) concerning that aspect. Coumarin 6 was chosen since it can be excited efficiently by the same 450-nm laser as the AIE material. Figure 5 (a) demonstrates the time-dependent fluorescence spectra of E7 doped with 1 wt% of the AIE dye in a 20 μm thick liquid crystal cell pumped by a CW 450-nm laser with a power of ~1 W (focusing area was ~0.3 cm 2 ). Figure 5 (b) demonstrates the time-dependent fluorescence spectra of E7 doped with 1 wt% of coumarin 6 under the same conditions. It is seen that the fluorescence intensity of both samples dropped due to photobleaching while they were excited continuously by the high power laser, but the fluorescence intensity of the sample with coumarin 6 decreased at a much higher rate than that of the sample with the AIE dye. The time-dependent integrated fluorescence intensity of both samples in Fig. 5(c) demonstrates that AIE dye shows stronger photobleaching resistance than coumarin 6 with the same weight concentration. In addition, the viability of adopting higher concentration of AIE materials may enhance the photobleaching resistance of AIE-dye-doped CLC even further. Figure 5(d) shows the time-dependent lasing emission spectra of the AIE-dye-doped CLC pumped continuously by the aforementioned nanosecond pulsed laser with a power of ~800 μJ/mm 2 . It is seen that the sample showed reasonably strong photobleaching resistance and didn't show an obvious degradation of performance (the fluctuation of the emission intensity is associated with a combination of photobleaching and the instability of the pumping power).
Conclusions
In this work, we have demonstrated the feasibility of a band edge CLC laser with an AIE dye as its gain material. Our preliminary studies have shown that such AIE dye-doped CLC is capable of lasing action with unusually large Stokes shift at moderate threshold (600 ). This threshold can be further reduced with optimization in AIE dye concentration, sample thickness, input optics, and selection of other AIE materials. Furthermore, the sample is highly photo-stable; repeated exposure to focused high intensity laser pulse (800 μJ/mm 2 nanosecond pulses) excitation does not cause obvious degradation of performance. We have also demonstrated that tiny aggregates of the AIE dye were still capable of giving out strong emissions, thus changing the limitations associated with low solubility of dyes or liquid crystals containing small amount of defects into advantages. AIE dyes are promising gain media for a variety of laser hosts that possess topological defects such as blue phase [25, 26] and "sphere phase" liquid crystals [27, 28] .
